
I 

322. . .  - 

GASIFICATION OF CAKING COAL I N  A FREE-FALL, FLUID-BED REACTOR 

A .  J .  Forney, R. F .  Kenny, and J. H .  F i e ld  

P i t t sbu rgh  Coal Research Center ,  U.  S. Bureau of Mines, 
4800 Forbes Avenue, P i t t sbu rgh ,  Pennsylvania 15213 

INTRODUCTION 

The Bureau of Mines i s  i n v e s t i g a t i n g  the  g a s i f i c a t i o n  of caking  c o a l s  i n  a 
f lu id-bed  r e a c t o r  a s  p a r t  of t he  Bureau's o v e r a l l  program of conver t ing  c o a l  t o  
l i q u i d  o r  gaseous f u e l s .  The caking  c o a l s ,  common t o  t h e  Eas t  and Midwest, 
cannot be g a s i f i e d  wi thout  b e i n g  p r e t r e a t e d ,  u s u a l l y  wi th  s t e a m  and oxygen. 
The method of g a s i f i c a t i o n  d iscussed  i n  t h i s  r e p o r t  i s  f r e e - f a l l  p re t rea tment  
combined with f lu id-bed  g a s i f i c a t i o n .  

The primary o b j e c t i v e s  of the p ro jec t  a r e :  1) To check OUK e a r l i e r  method 
of p r e t r e a t i n g  caking c o a l s  before gas i f ica t ion ;=/  
minimum amount of oxygen needed f o r  pre t rea tment ;  3) t o  maximize the  methane 
con ten t  i n  the  product gas .  A secondary a i m ,  which developed from the  above 
t e s t s ,  i s  t o  s tudy  a method of s u b s t i t u t i n g  a i r  f o r  oxygen. 

2)  t o  determine t h e  

EXPERIMENTAL PROCEDURE 

The pre t rea tment  i s  achieved by dropping Pittsburgh-seam c o a l  (70 percent  
through 200 mesh) through a f r e e - f a l l  r e a c t o r  6 inches i n  'diameter and 10 f e e t  
h igh  ( l a t e r  reduced t o  7 f e e t ) .  This p r e t r e a t e r  i s  loca ted  above 'a  f lu id-bed  
r e a c t o r  3 inches  i n  diameter and 3 f e e t  h igh  ( l a t e r  increased  t o  6 f e e t ) .  The 
oxygen and steam f o r  t he  g a s i f i c a t i o n  e n t e r  t h e  bottom of the  r e a c t o r ,  f i g u r e s  1 
and 2 .  The gases from the  g a s i f i e r  flow up through the  f r e e - f a l l  s e c t i o n  t o  
p r e t r e a t  and carbonize t h e  c o a l  as  i t  f a l l s .  They a r e  enr iched  with an oxygen- 
steam feed e n t e r i n g  t h e  s i d e  of the f r e e - f a l l  s e c t i o n  t o  f u r t h e r  p r e t r e a t  t he  
coa l  because the  gases r i s i n g  from t h e  g a s i f i e r  d i d  no t  p r e t r e a t  s u f f i c i e n t l y  
t o  prevent agglcmeration. 

P res su res  from 2.5 t o  2 0  atmospheres, temperatures of 835O t o  955" C ,  and 
oxygen-coal r a t i o s  from 0 t o  5.9 were used. 

RESULTS AND DISCUSSION 

Pressure  E f f e c t s  

The pressure  was g radua l ly  increased from 2 - 1 / 2  t o  20 atmospheres as  shown 
in t a b l e  1 and f i g u r e  3. The methane con ten t  g radua l ly  increased  t o  14 volume 
percent  of t he  product gas .  This  means t h a t  more methane can be produced i n  
t h i s  g a s i f i c a t i o n  than would be produced i n  subsequent methanation t o  produce 
high-Btu gas.  For example, i n  experiment N-12 the  50. percent  Hz+CO would y i e ld  
l e s s  methane du r ing  methanation than the  14 percent  methane a l r eady  produced i n  
g a s i f i c a t i o n .  As the  p re s su re  was increased  from 2 - 1 / 2  t o  20 atmospheres,  



f i g u r e  3,  the percentage of methane i n  the  product gas increased from 8 t o  1 2 ,  
while t h e  hydrogen and carbon monoxide percentages decreased. A l so  the  carbon 
dioxide increased while the  hydrogen and carbon monoxide decreased a t  t he  same 
r a t e ,  v e r i f y i n g  Schuster I s s f  claim t h a t  the  methanemaking r e a c t i o n  i n  g a s i f i c a -  
t i o n  is 2H2 + 2CO -. CHq + C 0 2 .  These curves ,  f i gu re  3, based on average values 
from s e v e r a l  experiments a r e  s imi l a r  t o  those of O ' D e l l . ~ /  

Table1.-  E f f e c t  of Pressure  on Methane Yield 

1/ Tes t  N O - -  ..................... F-19 
Pressure ,  atm ................. 2.5 
Coa l l f  ..................... i . . .  D-2 
Coal f eed ,  l b /h r  .............. 0.43 
Input ,  SCFH: 

G a s i f i e r ,  steam .......... 18 
G a s i f i e r ,  oxygen ......... 1 
P r e t r e a t e r ,  steam ........ 10 
P r e t r e a t e r ,  oxygen ....... 1 
Nitrogen ................. 4 

P r e t r e a t e r  ............... 375 

G a s i f i e r ,  max ............ 900 
Opfcoa!, SCF/lb ............... 4.6 
Steamfcoal,  SCFflb ............ 42 
Carbon convers ion ,  pc t  ........ 67 
Steam convers ion ,  pct ......... 1 2  
Product gas,?/SCF/lb .......... 19 
Methane, SCFflb ............... 2 . 1  
Product gas,  pc t :  

H2 ....................... 44 

Temperature, 'C: 

G a s i f i e r ,  avg ............ 893 

C& ...................... a 
co ....................... 21 
c02 ...................... 27 

Tar ,  pc t  of c o a l  feed ......... 10 

F-33 
5 

D -4 
0.70 

25 
1.5 

10 
1.5 

4 

409 
891 
900 
4.3 

36 
68 
10 
19 

1.8 

41 
7 

25 
27 
6 

F-46 
10 

D -4 
1.53 

50 
4 

20 
3 
8 

390 
893 
900 
4.6 

33 
60 
15 
16 

2.5 

39 
11 
22 
28 

3 

N-10 
15 

D-4 
1.60 

60 
4 

30 
4 
6 

375 
880 
900 
5.0 

37 
66 
17 
17 

2.7 

39 
11 
20 
30 
3 

N - 1 2  
20 

D-4 
1.60 

60 
4 

30 
4 
6 

400 
882 
900 
5 .O 

37 
65 
14 
15 

3.3 

34 
14 
16  
36 
4 

N-13 
20 

D -4 
1.63 

60 
4 

20 
4 
5 

400 
876 
900 
4 .9  

37 
7 3  
23 
18 

3.7 

36 
14 
18 
32 

3 

N-17 
20 

D-4 
3.40 

100 
16 
20 
4 
5 

400 
883 
900 
5.9 

29 
68 

16 
3.4 

35 
14 
18 
33 

5 

-- 

- 1/ - 2 1  D-2:  
F s e r i e s  w i th  3-foot r e a c t o r ;  N s e r i e s  with 6-foot r e a c t o r .  

H 5.1, C 72.9, N 1 .4 ,  0 8.2,  S 1 .3 ,  Ash 11.1 percent .  
D-4: H 5.1, C 76.5, N 1.5, 0 8.1, S 1 .0 ,  Ash 8.0,  VM 34.8 pe rcen t ;  

FSI = 7-112. 
- 31 n2+CO+CH,. 

Tar Plus O i l  

As the  pressure  increased  the  t a r  y i e l d  decreased from 10 t o  about 5 percent .  
The tars were analyzed by chromatography t o  f ind  the  e f f e c t  of p re s su re  on the  
composition of the  tar. Resul t s  were inconclus ive ;  no c o r r e l a t i o n  could be made. 

The coa l  feed r a t e  was increased from 1.54 pounds per hour (33 l b f h r  f t 2 )  
t o  6.1 pounds per hour (133 lb /h r  f t 2 )  a t  20  atmospheres pressure  ( t a b l e  2 ) .  
The carbon conversion w a s  lower a t  t h e  h igher  c o a l  r a t e .  The methane y i e ld  was 
almost s teady  a t  3 SCF/lb, although i t s  percentage i n  the  product gas increased 
from 1 2  t o  15 percent .  
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Table 2 . -  E f f e c t  of Increased Coal Feed on Product D i s t r i b u t i o n  
a t  20 Atmospheres Pressure  

~~ ~ ~ ~ ~~ 

Test270.  11 ................ N - 1 1  N - 1 5  N-17  N-19 N - 2 1  N-24 N-22 Lurgi- 
Coal- ................... D-4 D-4 D - 4  D - 5  D-5 D-5 D-5 
Feed, l b / h r  ............. 1.54 2.25 3.40 5.40 5.82 6 . 1  5.2 
Coal feed ,  l b /h r  f t 2  .... 33 49 74 120 127 133 113 
Coal feed ,  l b /h r  f t 3  .... 6 8 12 20 2 1  22  18 

G a s i f i e r ,  steam ..... 60 65 100 150 180 180 198 
G a s i f i e r ,  oxygen .... 4 6 16 24 22 18 6 
P r e t r e a t e r ,  s team ... 30 15 20 24 36 36 36 

Nitrogen ............ 6 6 5 5 5 5 5 

Inpu t ,  SCFH: 

P r e t r e a t e r ,  oxygen . . 4 3 4 6 6 6 6 

Temperature, 'C: 
P r e t r e a t e r  .......... 375 400 400 400 400 400 400 
G a s i f i e r ,  avg ....... 889 885 883 907 864 890 889 
G a s i f i e r ,  max ....... 900 898 900 959 890 910 900 

0 2 / c o a l ,  SCF/lb ......... 5.2 4.0 5.9 5.6 4.8 4.0 2.3 4 
S team/coal ,  SCF/lb ...... 39 29 29 28 31 30 38 19 
Carbon conversion, pc t  .. 73 68 68 75 59 55 52 902' 

Product gas,- SCF/lb .... 1 9  19  16 16 13 12 15 19 
Methane, SCF/lb ......... 3.2 3.3 3.4 3.2 3.0 2.7 3.2 2 .6  
Product gas ,  pc t :  

Steam conver t jon ,  p c t  ... 14 28 21  29 12  12 15 

H 2  .................. 38 39 35 33 33 34 40 40 
C& ................. 1 2  13 14 13 15 15 1 7  10 
co .................. 2 1  23 18 19 16 18 18 25 
co2 ................. 2 9  25 33 35 36 33 25 25 

Tar ,  p c t  o f  feed ........ 4 4 5 9 4 3 3 

- 1/ West f i e ld  p l an t  c o a l :  Moist. = 15.6, ash  = 14.6,  VM = 28.7, FC = 41.1 pc t .  
- 2 /  D-4: H 5.1 ,  C 76.5,  N 1.4,  0 8.1, S 1.0, Ash 8 .0 ,  VM 34.8 p c t ;  FSI = 7-112.  

D-5: H 5.0,  C 74.9, N 1.5,  0 7.6,  S 1.1, Ash 9.9, VM 34.7 p c t ;  FSI = 8-1/2. 
- 31 Est imated.  
- 4 1  H2+COtCH, .  

The r e s u l t s  f N-23 ( t a b l e  3) and N-19 ( t a b l e  2) may be compared wi th  those 
of t h e  Westfield17 Lurgi .  Our methane percentage is h ighe r ,  and ou r  methane 

conversion;  however, t he  Lurg i  could  n o t  be operated wi th  t h e  caking coa l  used 
i n  ou r  t e s t s .  

y i e l d  s l i g h t l y  h ighe r .  We used more oxygen and more steam and had a lower carbon ,I 
E f f e c t  of Low Oxygen Feed 

In t e s t  N-22 t h e  oxygen feed  t o  t h e  g a s i f i e r  was reduced from t h e  4 t o  5 
cub ic  f e e t  per pound used i n  the o t h e r  tests t o  1 cubic  f o o t  per pound. Com- 
p a r i n g  t e s t  N-22 with N-19 shows t h a t  t he  carbon conversion decreased ,  t h e  
methane y i e l d  remained t h e  same, bu t  t h e  percentage of methane i n  the product 
gas inc reased  from 13 t o  17 pe rcen t  ( t a b l e  2) .  This inc rease  i s  d e s i r a b l e ,  but 
a cormnercial g a s i f i e r  would have to  be heated e x t e r n a l l y  t o  ope ra t e  with such 
a low oxygen feed. 

i 

,I 

f 
l <  



Table 3.- E f f e c t  of Temperature on Product D i s t r i b u t i o n  
a t  20 Atmospheres Pressure 

T e s t l y .  ..................... N-26 
Coal- ......................... D-6 
Coal feed ,  l b / h r  f t 2  ......... 123  
Feed, l b / h r  .................. 5.65 
Input ;  SCFH: 

G a s i f i e r ,  steam ......... 180 
G a s i f i e r ,  oxygen ........ 18 
P r e t r e a t e r ,  steam ....... 36 
P r e t r e a t e r ,  oxygen ...... 6 
Nitrogen ................ 5 

P r e t r e a t e r  .............. 400 
G a s i f i e r ,  avg ........... 835 
G a s i f i e r ,  max ............ 857 

Oxygen/coal, SCF/lb .......... 4.3 
S t e a d c o a l ,  SCF/lb ........... 32 
Carbon conversion,  p c t  ....... 51 
Steam conver j jon ,  pct  ........ 4 
Product gas,- SCF/lb ........ 11 
Methane, SCF/lb .............. 2.5 
Product gas ,  pct :  

Temperature, O C :  

H 2  ...................... 31 
C k  ..................... 15 
co ...................... 20 
co2 ..................... 34 

Tar, p c t  of feed ............. 7 

N-25 
D-6 
136 

6.25 

;180 
18 
36 

6 
5 

400 
860 
880 
3.8 

29 
58 

14 
2.9 

36 
14 
17 
33 

8 

-- 

N-24 
D -5 
133 
6.1 

180 
18 
36 

. 6  
5 

400 
890 
910 
4.0 

30 
55 
12 
12 

2.7 

34 
15 
18 
33  
3 

N-27 
D -6 
140 
6.5 

180 
18 
36 

6 
5 

400 
880 
9 10 
3.7 

28 
59 

14 
3.5 

34 
17 
17 
32 
4 

-- 

N - 2 3  
D-6  
133 
6 .0  

180 
2 4  
36 

6 
5 

400 
900 
955 
5.0 
30  
81 
24 
1 9  

3.6 

36 
13 
20 
31 

3 

N-28 
D-6 
140 
6.4 

180 
18 
36 

6 
5 

400 
901 
934 
3.8 

28 
65 

16  
3.2 

36 
14 
20 
30 

5 

-- 

N-30 
D-6 
136 
6 .3  

120 
18 
36 
6 
5 

400 
912 
963 
3.8 

19 
56 

1 3  
2.9 

-- 

33 
16  
18 
33 

4 

- 1/ D-5 :  

- 2 /  H2+C(HCH,. 

H 5.0, C 74.9, N 1.5,  0 7.6, S 1.1, Ash 9.9, VM 34.7 pct :  FSI = 8-112. 
D-6: H 5.1, C 74.4, N 1.5,  0 8.2,  S 1.1, Ash 9.7, VM 36.1 p c t ;  FSI = 8. 

E f f e c t  of Temperature 

For two reasons the temperature  was n o t  v a r i e d  widely i n  these t e s t s .  The 
s a f e  l i m i t  f o r  the r e a c t o r  a t  20 atmospheres is  950' C and carbon conversion de- 
creased markedly below 850' C .  The y i e l d  of product gas increased from about  
11 SCF of H2+COSC& per  pound of c o a l  a t  860' C t o  19 a t  950' C ( t a b l e  3) .  
The methane percentage decreased but n o t  d r a s t i c a l l y .  However, t h e  y i e l d  of 
methane per pound c o a l  feed d id  i n c r e a s e  from 2.5 t o  3.6 SCF per pound. In  
t e s t  N-30 the  steam r a t e  was reduced from 30 SCF per pound of coa l  to  19; 
the temperature increased  i n  the  g a s i f i e r  but  t h e  carbon conversion dropped. 
Some s i n t e r i n g  of the ash occurred a t  t h e  base of the r e a c t o r ,  i n d i c a t i n g  
t h a t  t h e  flow of steam was t o o  low. The optimum temperature seems t o  be about 
900"-950' C .  Further  t e s t s  may be necessary t o  determine the  maximum tempera- 
t u r e  because t h e  methane y i e l d  may decrease so much a t  higher  temperatures  t h a t  
the advantage of our method of o p e r a t i o n  may be l o s t .  

. 
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Oxygen Needed f o r  Pretreatment 

Changing the  po r t  of e n t r y  for. the  p r e t r e a t i n g  steam and oxygen from the  
middle of the  f r e e - f a l l  s e c t i o n ,  a s  shown i n  f i g u r e  1, t o  the  top  of t he  f r e e -  
f a l l  s e c t i o n  reduced t h e  amount of oxygen necessary  f o r  pre t rea tment .  When 
t h e  p r e t r e a t i n g  gases were f ed  a t  t h e  top  they en te red  through a tube surround- 
i n g  the coa l  feed i n l e t  p o r t .  Thus the  c o a l  was en t r a ined  by the  t r e a t i n g  
gases f o r  about 2 f e e t  be fo re  it f e l l  5 f e e t  i n t o  the  f l u i d  bed. In  t a b l e s  1 
and 2 t h e  r e s u l t s  of both systems represented  by t e s t s  N-12 and N-24 a r e  
compared. The amount of oxygen needed f o r  pre t rea tment  was decreased from 
2 .5  SCF per pound (N-12) t o  l e s s  than  1 SCF per pound (N-24). When t h e  pre-  
t r e a t i n g  steam and oxygen were fed a t  the  middle of the f r e e - f a l l  s e c t i o n ,  
some oxygen was used i n  g a s i f i c a t i o n  because of t he  h igh  temperature i n  t h i s  
zone. When they were fed a t  the  top  of the r e a c t o r ,  oxygen was used only  fo r  
pre t rea tment .  

S tud ie s  i n  Glass Equipment of a System Using A i r  I n s t ead  of Oxygen 

Oxygen accounts f o r  about  10 t o  14 c e n t s  per MCF of  t he  c o s t  of making 
high-Btu gas .  Many d i f f e r e n t  systems have been t r i e d  both  i n  England and 
America i n  the  hope of s u b s t i t u t i n g  a i r  f o r  oxygen.-/ Our approach i s  t o  
feed  a i r  and steam through sepa ra t e  e n t r y  p o r t s  t o  a s i n g l e  f l u i d  bed so  the  
products of combustion can be separa ted  from the  products of steam g a s i f i c a t i o n  
Two des igns  t o  achieve t h i s  a r e  shown i n  f i g u r e s  4 and 5,  and g l a s s  models 
based on these  des igns  have been made. The model similar t o  f i g u r e  4 is  
cons t ruc t ed  with a s t r a i g h t  b a f f l e  i n  a 6-inch-diameter g l a s s  tube ;  wi th  an 
L/D r a t i o  of 2 (12-inch he igh t /6 - inch  d iameter ) ,  t he  mixing of the  a i r  and 
i n e r t  gas streams is  only  5 t o  10 percent  i f  the  b a f f l e  extends 1 t o  2 inches 
i n t o  the bed. When t h e  b a f f l e  i s  r a i s e d  above t h e  bed, the  mixing is 30 t o  
40 percen t .   en the  r a t io  i s  3 ,  t he  mixing i s  about 25 percent .  The second 
model s i m i l a r  t o  f i g u r e  5 was cons t ruc ted  wi th  a 4-inch-diameter tube i n -  
s e r t e d  i n t o  a 6-inch-diameter tube.  The a r e a s  of t h e  annulus and the  inner  
tube a r e  about the  same. Th i s  model shows more mixing of the  gases than the 
f i r s t - - 2 1  percent when the  c e n t e r  tube  i s  embedded 2 inches i n t o  a 6-inch 
l aye r  of c o a l .  

Af t e r  a s a t i s f a c t o r y  model has been designed f o r  gas flow, we w i l l  use 
a 6-inch-diameter s t e e l  r e a c t o r  t o  s tudy  t h e  mixing of the  s o l i d s  t o  determine 
i f  uniform temperatures i n  t h e  bed can  be obta ined .  

CONCLUSIONS 

Caking c o a l s  can be g a s i f i e d  i n  a combined f r e e - f a l l ,  f lu id-bed  g a s i f i e r .  
The methane i n  t h e  product gas is about 14 t o  15 pe rcen t ,  which means more 
methane i s  being produced i n  t h e  g a s i f i c a t i o n  than would be produced i n  the  
subsequent methanation. 
f o o t  per pound c o a l  feed .  

The oxygen needed f o r  pre t rea tment  i s  about 1 cubic 

A conceptua l  process  be ing  inves t iga t ed  s u b s t i t u t e s  a i r  f o r  oxygen dur ing  
gas  i f i c  a t ion .  I 
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Figure 2 .  Gasification Equipment. 
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